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Abstract — Multifunctional DGs and active power filters have become a mature technology in recent years, so in this paper, an optimized 
current control method for a multilevel converter is proposed. The control method will overcome harmonic current tracking inefficiency of 
previous control methods in online harmonic compensation applications in microgrids. This control method is applicable for grid-connected 
inverter-based multi-functional Distributed Generation (DG) converters. It could also be used in active power filter applications which need 
high-speed reference tracking ability. Having the advantages of current control methods like hysteresis band control, proportional-integral 
(PI) and proportional-resonant (PR) control methods, the proposed approach overcomes disadvantages of these methods especially in 
harmonic reference tracking as it will be discussed in detail. The main advantages of this method are the simplicity of implementation, 
calculation delay compensation and its fast response to changes. The power electronic circuit, operating principles, two-horizon predicted 
switching states of multilevel inverter, experimental results and applications of this control method will be discussed in the paper. For studying 
the feasibility of the control method, an experimental prototype is tested in a microgrid platform. 
Index Terms — AC Microgrid, Power Quality; Multilevel Inverter; Optimal Direct Control (ODC); Harmonic Compensation; Computational 
Delay compensation, Two-Horizon MPC 
1. INTRODUCTION  
Multilevel inverters are among the most popular inverters especially for medium and high voltage applications. Multilevel inverters 
have been introduced by Nabae et al. [] [1] and has gained increasing attention among researchers due to its unique characteristics such 
as higher output power quality, higher efficiency, low harmonic components, lower switching losses and lower di/dt or dv/dt, which make 
multilevel inverters viable alternatives for most of the applications [1-4]. Many topologies and control methods are suggested for these 
inverters in different applications; some of these methods are concentrated on harmonic elimination such as selective harmonic 
elimination method (SHEM) which, due to applicability limitations, is not a convenient method for real-time harmonic compensating 
applications [5-7]. In some harmonic compensation applications such as active power filter and microgrid control, online control methods 
such as hysteresis band control and PR control are popular [8-12]. Several control methods have been used to control the power quality 
conditioning devices such as STATCOM (static compensator), DSTATCOM (distribution static compensator), APF ( active power filter) 
or UPQC (unified power quality conditioner) [13-15]. Each of the mentioned control methods has its advantages and disadvantages. 
Hysteresis band control needs a high band-width inverter output to provide very fast dynamic responses to load and reference changes. 
In spite of its simplicity of implementation, the P+Resonant controller has disadvantage of using many parallel resonant controllers for 
tracking the references of multiple harmonic orders, and it will increase the computational burden. Meanwhile, it does not have a very 
good dynamic response because of its integrator blocks. Some hierarchical control methods are improved to control the multi-functional 
DGs, but they also have the disadvantage of slow dynamic response to changes [16]. Thanks to improvements in computational 
capabilities in recent years, application of optimal direct control methods such as model predictive control has become popular because 
of control simplicity, lower average switching frequency, excellent dynamic response, and independence of controller design to load 
changes and not using the modulation block. During recent years, the researchers have strongly promoted this control method although it 
has attracted some criticisms from others. In some references, it is shown that the finite control set model predictive based controller 
(FCS-MPC) and other linear methods (PR and PI controllers) could be viewed as a special case of  MPC [17]. In first years of 
development, MPC was used for solving optimization-based problems or as an energy management solution [18]. Later on, the application 
of MPC was extendedto power electronic applications such as single phase and three phase inverters control, multilevel and matrix 
converters control and every model-based optimization problem which involves optimal decision making [19-23]. Another important 
advantage of MPC is to deal with complex non-linear situations and output an optimized multi-objective solution for the problem [24, 
25]. A disadvantage of direct control methods such as MPC is the computational delay that is negligible when using high-performance 
controllers or considering the controller ideal. How to solve this problem for normal processors will be discussed in Section 2.3. In this 
paper, the aim is to control a multifunctional DG that plays the role of an improved active power filter, which will be responsible for 
harmonic compensation and load feeding. The interfacing converter for this purpose will be a multilevel converter for which the 
application in power quality improvement in microgrids will be discussed. Furthermore, an improved optimal direct control method will 
be implemented to a cascaded H-Bridge to compensate the harmonics in a microgrid while feeding the linear and non-linear loads. In the 
next section, the test system will be presented, this will be followed by a brief explanation of multilevel inverter working principles, and 
then optimal direct control method and how to apply it to a cascaded H-bridge to control the output current will be presented. Finally, 
experimental results will verify the applicability of the control method.  
2.  POWER SYSTEM MODELING AND MATHEMATICAL EQUATIONS 
The system under study is a single-phase grid-tied AC microgrid including a DG with an interfacing cascaded H-Bridge multilevel 
inverter. As it could be seen in Fig. 2, the nonlinear load is connected to PCC and will draw harmonic current from grid, making grid 
current non-sinusoidal. So, the aim of this paper is to generate the harmonic current drawn by non-linear load by DG units, so that the 
grid current will be harmonic-free. The reference current for multilevel inverter will include the harmonic load current as well as 
fundamental load current and also the current that will be injected into the grid; 
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In which 
LLI and gridI are linear load current and the injected current to grid, NLLI is the non-linear load which contains fundamental and 
harmonic current. 
 
Fig. 1. Multilevel inverter used as a DG interface 
 
As it could be seen in Fig. 2, the main objective is to have a harmonic free grid current (current injected into the grid). Therefore, DG 
unit will be a multifunctional DG which will act as an active power filter while it is also injecting active and reactive power to the local 
loads. The multifunctional DG is connected to the main grid through a multilevel inverter and will inject harmonic current to microgrid 
to feed both linear and non-linear loads to prevent the grid current from becoming polluted with harmonics. The current reference to be 
tracked is calculated as it is shown in (1)  which includes the fundamental term as well as harmonic current terms. 
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Fig. 2. Test system 
2.1. Power Electronic Converter 
The power electronic interface used to connect the DG to the microgrid is a multilevel inverter as shown in Fig. 1. This inverter is a 
series connection of two basic units with two unequal DC sources that can produce nine levels of output voltage steps using eight 
unidirectional power electronic switches and eight anti-parallel diodes. The switching states of this inverter is shown in Table I. It is worth 
noting that the switches in each inverter legs are working in a complementary way, such that when 
11T is on, 12T  is off accordingly and 
vice versa and it is the same for other legs [3]. It is worth mentioning that to increase the number of output voltage levels that could be 
generated by this multilevel inverter and consequently decrease total harmonic distortion (THD), the values of DC source magnitudes are 
unequal and calculated as (2). Although there are several methods to calculate values of DC sources for multilevel converters, the one 
generating the maximum number of output voltage levels with the same number of DC sources and power electronic elements have been 
used in this paper [26]. 
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Table I presents the switching pattern for the cascaded H-bridge inverter and also the output voltage values for each step are introduced 
in this table. As it was mentioned before and could be seen in Table I, the switches in each leg of the converter are working in a 
complementary way. 
Table I. Switching States of Multilevel inverter 
Switching States 
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1 1 1 1 1 +4 
1 1 1 0 2 +3 
1 1 0 0 3 +2 
1 0 1 1 4 +1 
1 0 1 0 5 0 
1 0 0 0 6 -1 
0 0 1 1 7 -2 
0 0 1 0 8 -3 
0 0 0 0 9 -4 
2.2. Power Converter Control Concept 
The optimal direct current control method applied to a multilevel inverter is presented in this paper. This method could control the 
output fundamental current as well as harmonic current. The basic idea to control the converter by optimal direct control is the fact that 
the output state of current could be assumed equal in a very small time interval [16];  
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The optimal direct power control method proposed in this paper, which in fact is a type of the finite control set model predictive control 
(FCS-MPC), has the advantage of dealing with finite number of switching states of a power converter for solving the optimization 
problem. FCS-MPC is applying optimal switching signals directly to power electronic converters without the need for a modulation 
stage. The concept of FCS-MPC is to model the non-linear converters and based on the discrete linearized model of the converter, 
decides which switching pattern should be applied to get the optimal output result. In the case of power electronic converters, a relevant 
cost function is formed and the future behavior of converter is forecasted based on discrete model of the converter. After forecasting 
the converter behavior and applying it to the cost function, the control actions that best fit to minimize the cost function in each time 
interval ST  will be the desired control set. This cycle will repeatedly be done in each sampling interval so that the optimum function of 
the converter is guaranteed.  
A typical and simple cost function is normally a positive sum of the tracking errors for each controlled variable so that a one-horizon 
cost function could be defined as (4) [27, 28]. This method is called short prediction horizon. However, it is possible in FCS-MPC 
method to increase the prediction horizons to have long horizon prediction ( 2)n  , because the computational burden is not so high 
[29, 30]. It is verified in [31] that long prediction horizon has better steady-state performance while increasing the calculations 
significantly. A simple cost function of MPC is defined as,  
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In which (k + 1)x is the predicted output of the converter and
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For a pair of vectors *,x x , in some applications cost function could be a multi-objective equation such as a sum of several numbers of
2
2
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For a multilevel inverter, a discrete equation modeling the operation could be expressed as equation set (6), in this equation kV  and kI
are the inverter output voltage and current.
fR is the output filter resistance while fL is the output filter inductance as shown in Fig. 1 
and ST is the time instant in which optimization is being done. 
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From equation (6), ( 1)L KI   could be calculated as: 
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A function based on the possible output voltage values, [ 1]LI k   will be predicted for the instant k+1, and the optimal switching state 
will be selected as shown in Fig. 3. During the optimization process, all of the nine possible states for switches are calculated and by 
replacing the predicted current [ 1]LI k  in equation (4), the optimal state which minimizes the error of cost function will be selected as 
the switching state and the output current will track the reference current. The accuracy of tracking is highly dependent on switching 
frequency (optimization period) but as a common solution, maximum switching frequency of 10Sf KHz will give enough  precision 
for most of the applications [16]. 
 
Fig. 3. Predictive control scheme 
Since the presented multilevel inverter has nine possible switching states, the predictive model will generate an array including nine 
possible values for [ 1]LI k  in each step, based on the cost function, optimization block will decide which switching state to apply to 
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minimize the tracking error. Equations (8) and (9) present the value of 1 2[k] [k]inv invV V as a function of switching states, in which 
1: 9kj   represents the sum of output voltage for cascaded H-bridge converters, as shown in Table II. 
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Table II. Different switching states in two-horizon prediction for cascaded H-bridge multilevel inverter 
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1 1 1 1 1 1 1 1 4 4 8 
           
1 1 1 1 0 0 0 0 4 -4 0 
1 1 1 0 1 1 1 1 3 4 7 
           
1 1 1 0 0 0 0 0 3 -4 -1 
1 1 0 0 1 1 1 1 2 4 6 
           
1 1 0 0 0 0 0 0 2 -4 -2 
1 0 1 1 1 1 1 1 1 4 5 
           
1 0 1 1 0 0 0 0 1 -4 -3 
1 0 1 0 1 1 1 1 0 4 4 
           
1 0 1 0 0 0 0 0 0 -4 -4 
1 0 0 0 1 1 1 1 -1 4 3 
           
1 0 0 0 0 0 0 0 -1 -4 -5 
0 0 1 1 1 1 1 1 -2 4 2 
           
0 0 1 1 0 0 0 0 -2 -4 -6 
0 0 1 0 1 1 1 1 -3 4 1 
           
0 0 1 0 0 0 0 0 -3 -4 -7 
0 0 0 0 1 1 1 1 -4 4 0 
           
0 0 0 0 0 0 0 0 -4 -4 -8 
* Horizon 1 represents the interval between 1tk  and t k  
** Horizon 2 represents the interval between t k  and 1tk  
 In fact, calculation of cost function for all possible switching states  will take some time based on the capability of the processor. This 
time delay will cause a steady state error in tracking the reference for the controller. In the next section, compensation of this delay will 
be discussed in detail. Replacing k with k+1 in (7), [ 2]LI k   will be defined as; 
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2.3. Optimal Direct Control Delay Compensation 
Depending on the processor calculation speed and the maximum switching frequency, the time between the measurement of the output 
current and application of the new switching states to the inverter will be considerable. If the calculation time is comparable to sampling 
time, there will be a delay in switching of the inverter which will cause consistent tracking error in the output current, because in the 
instant k+1, the previous switching state is applied to the inverter which will lead to increase or decrease of output current more than 
the reference current increase or decrease [24, 32]. It is known that by using long-horizon prediction in FCS-MPC this delay will be 
omitted, but as the number of prediction horizons is increasing, the controller complexity is increasing exponentially, so a trade-off 
should be done between the number of horizons to be predicted and controller complexity. To deal with this problem, an improvement 
to a two-horizon prediction method , which was first proposed in [33], is presented in this paper so that the processor has enough time 
to do the calculation and prediction for the instant k+2, between instants k and k+1 and finally apply the new switching states at instant 
k+2 as it is shown in Fig. 4. In this figure, a simple presentation is done to explore the concept of calculation delay, to avoid the complexity 
of the diagram, the explanations are for the first H-Bridge shown in Fig. 1; however, for the multilevel inverter shown in Fig. 1, the 
concept is the same with more diagram complexity and switching states. In Fig. 4, there are three operation scenarios, in the first scenario 
shown in Fig. 4.a, the calculations are assumed to be ideal and the controller is working as planned without any delay. In the second 
scenario as shown in Fig. 4.b, the calculation time is considerable comparing to sampling time and it will have effect on accuracy of the 
controller because of the delay between the instant that data was measured and switching signals were applied. To overcome the 
mentioned problems, an improved two-horizon prediction method is presented to be applied to controllers without significantly affecting 
the computational burden since there is no need to calculation of vectors in two steps as it will be presented in Fig. 5. 
 
 Fig. 4. Operation of the Model predictive controller with three Scenarios (a) without Delay (ideal case) (b) with delay and without delay compensation (c) with delay 
and two horizon prediction to compensate delay. 
In this method, the measurements are performed in instant k, then the predictions are done to calculate a step-ahead current, * [ 1]LI k  . 
Then, the calculated * [ 1]LI k  will be used to predict
* [ 2]LI k  , after calculation of
* [ 2]LI k  , both current reference for instant k+2, 
Re [ 2]fI k   and the predicted value of current 
* [ 2]LI k   will be fed to the optimization block to decide which switching state will 
minimize the cost function. This explanation will be clearly understood by considering the equation below and checking out the 
flowchart view of the applied two-horizon control method as shown in Fig. 5. 
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 Fig. 5. Flowchart view of the applied optimal direct control for multilevel inverter 
By replacing (7) into (10), and assuming negligible output voltage changes between instants K and K+1, i.e. [k] [k 1]O OV V  , 
[ 2]LI k   could be written as;  
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To simplify the equation, a function 2( )kS j   that relates the output voltage value of the two cascaded H-bridges at previous switching 
state to the predicted output voltage value is defined to replace the term 1,2 1,2[k] [k 1]inv invV V  as 
1,2 1,2 2[k] [k 1] S(j ) Vinv inv k dcV V     (12) 
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Considering equations (11) and (12), the final equation describing [ 2]LI k  will be as;  
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It should be mentioned that an improvement to the previously presented delay compensation method has been done by (14) that creates 
a direct relation between [ 2]LI k  and [ ]LI k , which, unlike the traditional model predictive control will not increase the complexity of 
implementation and computational burden much when applying two-horizon prediction. By applying this method, the calculation delay 
will be almost compensated. Table II presents different switching states in two-horizon prediction for a cascaded H-bridge multilevel 
converter. As it can be seen, there are 81 possible switching states for converter with 64 duplicate states, which will finally lead to 17 
distinct switching states. It is worth mentioning that to select between redundant switching states, the priority is given to the states 
creating balanced use of power electronic switches to increase the reliability of the system. To apply a balanced switching, for redundant 
switching states, switches would be divided to two, some switching would operate in negative values of grid voltage while others are 
operating when the value of voltage grid is positive.  
 As it could be seen in Fig. 5 the modified control method is as follows, 
1. Measurement of the load currents ( ( )Li k ) 
2. Calculation of ( )sV k  based on the previous interval data 
3. Calculation of the currents at the instant 1tk  based on the applied switching state of previous interval 
4. Prediction of load currents at the instant 2tk for all switching states based on calculated ( 1)Li k  to speed up the control process 
steps 3 and 4 could be merged so that the calculations and predictions are done at once Equation (14) 
5. Evaluation of the cost function for all predicted currents at instant 2tk  
6. Selection of the switching state that minimizes the cost function and applying it to converter 
 
3. EXPERIMENTAL RESULTS 
To verify the feasibility of the proposed control scheme for the multilevel inverter shown in Fig. 1, different test scenarios are performed 
using the prototype shown in Fig. 6. As it can be seen in Fig. 6, the test system includes a two-input multilevel cascaded H-bridge converter 
supplied by isolated DC sources, linear load, AC programmable load as non-linear load, digital control platform, digital to analog (DAC) 
boards and finally a regenerative high power grid simulator that emulates the behavior of the real electrical grid. Provided test results 
are obtained using a digital oscilloscope and a fluke power quality analyzer. Detailed specifications of the experimental prototype are 
as shown in Table III. Experimental tests are performed in three different scenarios. In the first scenario, the grid-tied operation of MLI 
converter without non-linear load is studied, the second scenario focuses on verifying the efficiency of control method in operation of 
the MLI converter as an advanced active power filter to compensate the harmonics, finally in the third scenario the control method is 
analyzed based on dynamic response of the inverter to the changes occurred in reference current. It should be noted that the mentioned 
switching frequency in Table III is the maximum switching frequency that is used in the switching process, and the average switching 
frequency for this converter based on the experimental Hardware in loop (HIL) calculations is around 3.5 kHz. Since the switching 
states are generated separately for each switch, number of ON and OFF states could be counted for each switch in a period by putting a 
counter in the output of controller. This would lead to calculation of an average frequency of switching which could also be used in 
calculation of switching losses for the converter.  
 
Fig. 6. Experimental setup  
Table III. PARAMETERS OF THE EXPERIMENTAL SETUP 
Parameter Value Unit 
1
2 3
5
6
7
8
9
10
11
12
4
1. dSPACE controller
2. 1st  DG converter
3. 2nd DG converter
4. Security button
5. AC programmable load
6. Digital oscilloscope
7. DAC channel
8. Power quality analyzer
9. Control desk 
10. linear load
11. Grid simulator
12. DC source
Power Grid Voltage 110 V (RMS) 
Grid Frequency 50 Hz 
Maximum output power 0.8 kW 
DC Link Voltage 49,146 V 
Maximum switching frequency 10 kHz 
Sampling frequency 20 kHz 
Inverter Side inductance 8.6 mH 
Inverter Side Resistance 0.4 Ω 
Grid Side Resistance 0.2 Ω 
Non-linear Load Spec *CF=2.0 ** PF=0.9 
Non-linear Load Mag (RMS) 1.54 A 
*: Crest Factor   ** : Power Factor 
3.1. Grid-tied operation of MLI converter 
In this scenario, grid-tied operation of the multilevel converter with optimal direct control method to track the sinusoidal current 
reference is studied. As it is shown in Fig. 7, grid injected current is almost sinusoidal with the THD of 2.1 %, DG current is feeding the 
linear load, and it is also injecting the current to the grid which is in phase with grid voltage. Grid voltage and DG current waveform 
are shown in Fig. 8(a), which is followed by the harmonic spectrum measured by power quality analyzer in Fig. 8(b). Total harmonic 
distortion of the grid current is 2.1 % which is below the limits defined by IEEE power quality standard [34]. It is obvious that by 
increasing the switching frequency, THD value will even decrease to a lower amount which will lead to higher switching losses, so 
there should be a trade-off to have an in-range total harmonic distortion using a reasonable switching frequency. A similar study has 
been done to show the effect of switching frequency and filer inductance value on output THD, and the comparisons are presented in 
Fig. 14. 
 Fig. 7. Grid-tie operation of multilevel converter with ODC method 
 
Fig. 8. (a) Grid voltage and DG current (b). Harmonic spectrum for grid current 
3.2. Active power filter mode 
In the second test scenario, the multilevel inverter is playing the role of an improved active power filter to compensate the current 
harmonics which are injected by non-linear loads. At the same time, this converter could inject active or reactive power to the grid. The 
multilevel inverter is controlled by an optimal direct control method to minimize the harmonic current injected to the main grid from 
microgrid. As it is shown in Fig. 9, the nonlinear load current could be fed either by main grid or microgrid, in the first case it will inject 
current harmonics into the main grid that may be out of the allowable range for grid-tied operation causing problems for the grid. To 
overcome this problem, the non-linear load, is fed by the DG inverter. The inverter used as the interface is a multilevel inverter which 
can output a wide variety of waveforms and the optimal direct control is applied to this converter to track the defined current reference. 
Fig. 9 (a) shows the PCC current and voltage waveform before being compensated while Fig. 9 (b) illustrates the harmonic spectrum for 
PCC current before compensation. As it could be seen in Fig. 10, the multilevel inverter will inject harmonic current in addition to 
fundamental current to compensate the current harmonics, so that the grid current is almost harmonic free with the THD of 2.6 %. It is 
worth noting that the non-linear load current magnitude is significant in comparison to the DG current and THD will be much smaller 
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by increasing the switching frequency of the multilevel inverter. Grid voltage and DG current waveform is shown in Fig. 11(a). Harmonic 
spectrum for compensated grid current is also shown in Fig. 11 (b). 
 
Fig. 9. Voltage and current waveform of PCC before compensation. (b). Harmonic spectrum of PCC before compensation 
 
Fig. 10. Active power filter operation of the multilevel converter with optimal direct control method  
(a) (b)  
Fig. 11. (a) Grid voltage and grid current of PCC after compensation. (b). Harmonic spectrum of grid current after compensation 
3.3. Dynamic response of converter to changes 
In this scenario, the dynamic response of converter to a sudden change of current reference is being studied. As it could be seen in Fig. 
12, the current reference of the converter has been suddenly changed from 70 percent of full load to 110 percent of load. As it could be 
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seen in this figure, the tracking error is being cleared in less than 1ms that is much smaller than a full cycle. It is the evidence of an 
improved dynamic response behavior of the proposed control method. This characteristic of the proposed control method makes it an 
appropriate solution for the applications that need high-speed response such as active power filters. 
 
Fig. 12. Dynamic response of the control method to sudden reference changes 
3.4. Sensitivity to parameter changes 
An important aspect to be considered when applying model predictive controller in power electronic application is the effect of 
parameter changes on accuracy of the controller. Based on equation (14), the predicted value of output current is highly dependent on 
the values of 
sT  and . In this regard, it is crucial to validate the acceptable operation of the proposed control method under parameter 
uncertainties, a test scenario is implemented. In this scenario, the value of the output filter inductance is changed in several steps, while 
the controller is operating assuming the rated value of fL . The results are summarized in Fig. 13. As it could be seen, the total harmonic 
distortion (THD) value for the grid-tied operation mode of the converter for different inductance values are obtained. However, a 
weighed total harmonic distortion (WTHD) [35]. WTHD is calculated by dividing the THD values to the THD value when using rated 
inductance value. Shown in Fig. 13 is the THD obtained for rated value of the output filter inductance and its variations. As it could be 
predicted, in spite of extreme miscalculation of circuit parameters to the controller, operation of the controller is affected slightly by the 
lack of exact information about circuit parameters but the values of WTHD shows that this effect could not deteriorate the acceptable 
operation of the controller. Small deviations of WTHD around unity, verifies the capability of control method to operate in an acceptable 
range in spite of wide range variation of output filter inductance value. 
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 Fig. 13. Grid current distortion under filter inductance value (Lf) variations 
 
Fig. 14. Effect of frequency and output filter inductance on steady state grid current THD 
4. COMPARISONS AND CONCLUSION 
Although it is not easy to find scenarios identical with the presented experimental scenarios, there has been made a comparison between 
the proposed method and the most relevant recent papers in this area. The comparisons are divided into three main groups based on the 
proposed experimental scenarios, grid-tied mode of operation, active power filter operation mode and dynamic response of the control 
method to reference changes. For each operation scenario, the experimental results from most recent papers are provided. The 
comparisons are summarized in Tables Table IVTable VTable VI, Table IV is comparing the grid-tied operation of the proposed control method 
with other methods while Table V and Table VI presents a comparison between the presented control method and similar topologies in the 
case of active power filter operation and dynamic response to changes. 
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Table IV. Grid-tied steady state operation comparison of the presented method with similar topologies 
Reference 
Inverter 
Type 
Grid-tied 
THD % 
Control Method 
Power 
rating 
Filter sizing 
Max 
Switching 
Frequency 
Average 
Switching 
Frequency 
[35] MLI 2.5 – 3.1 OSS-MPC 2.5 kVA 8 mH +1.8  5 kHz per leg 10 kHz 
[36] MMC 2.61 Integrated MPC 1 kVA 10 mH+6.5  16.6 kHz 3.3 kHz 
[36] MMC 3.23 Fast MPC 1 kVA 10 mH+6.5  16.6 kHz 2.6 kHz 
Proposed MLI 2.1 
Optimized 
MPC 
0.8 KVA 8.6mH + 0.4  10 kHz 3.5 kHz 
[37] MLI 
2.64 – 
12.4 
FCS-MPC 0.9 kVA 6 mH + 0.3  20 kHz 6.95 kHz 
[37] MLI-IFBC 
1.5 – 
5.71 
FCS-MPC 0.9 kVA 6 mH +  20 kHz 6.95 kHz 
[17] MLI 2.6 PR 
0.75 
kVA 
15mH+0.1  10 kHz 10 kHz 
 
As it could be seen in Table IV, for different multilevel converters the grid-tied current THD is obtained, only one references has a grid 
current THD less than the proposed control method with similar output filters but different switching frequencies which is twice the 
frequency used in the proposed method. It is obvious that increasing the switching frequency will improve the operation of inverter 
from grid current THD aspect as it was shown in Fig. 14, so this could not be a drawback for the proposed control method. 
Table V. Active power filter operation comparison of the presented method with similar topologies 
Reference 
Inverter 
Type 
** BC-THD **AC -THD 
Reduction  
Percent 
Power 
rating 
Filter sizing 
Max 
Switching 
Frequency 
Sampling 
Frequency 
Average 
Switching 
Frequency 
[38] MLI 16.12 % 6.37 % 60 % 2 kVA  10 kHz  10 kHz 
[39] MLI 
3 % 
 thUp to 13
Harmonic 
2.4 % 20 % 2*1.6 kVA 
L1 =4.2mH+0.95  
L2=2.5mH+0.46  
Lm=2.75 mH 
8 kHz 8 kHz 8 kHz 
Proposed MLI 29.3 % 2.6 % 91 % 0.8 kVA 8.6mH + 0.4  10 kHz 20 kHz 3.5 kHz 
[40] MMC 26 % 2.3 % 91 % 0.5 kVA 7 mH + 10 kHz 35 kHz 10 kHz 
[41]  2.03 % 1.90 % 6.5 % - 3 mH+0.9  12 kHz 12 kHz 12 kHz 
[42] MLI 12.28 % 3.59 % 70 % 1 kVA 
LCL- 1mH+8m, 
15µF, 1mH+6m  
10 kHz 20 kHz 10 kHz 
[43] MLI 19 % 4.8 % 74 % 10 kVA 2 mH +1.5 µF 12 kHz 30 kHz 12 kHz 
[44] MLI 7.34 %  4.55 % 38 % 4.45 kVA 25 mH+10  20 kHz 20 kHz 8 kHz 
 * THD before compensation ** THD after compensation 
For the proposed control method and inverter, in the active power filter operation mode, the extreme non-linear-load has been selected 
but it has the ability to compensate almost 91% of the harmonics while having a similar output filter and using a common maximum 
switching frequency of 10 kHz and operating with an average switching frequency of 3.5 kHz. The other inverter with this capability 
with a smaller power rating, operates with the sampling frequency of 35 kHz which is much bigger than the operation frequency of 
proposed method. 
Table VI. Dynamic response comparison of the presented method with similar topologies to sudden changes 
Reference 
Number 
Inverter 
Type 
Clearance 
time 
Control Method 
Step  
Change  % 
Power rating Filter sizing 
Max Switching 
Frequency 
Average 
Switching 
Frequency 
[35] MLI 1 ms FCS-MPC 50 % 2.5 kVA 8 mH +1.8  5 kHz 5 kHz 
[35] MLI 1 ms OSS- MPC 50 % 2.5 kVA 8 mH +1.8  5 kHz per leg 5 kHz 
[35] MLI 2.5 ms PR 50 % 2.5 kVA 8 mH +1.8  5 kHz per leg 5 kHz 
Proposed MLI 0.8 ms 
Optimized 
MPC 
70 % 0.8 KVA 8.6 mH + 0.4  10 kHz 3.5 kHz 
[40] MMC 40 ms SPWM 100 % 0.5 kVA    
[45] MLI 20 ms LS-PWM 25 % 2 kVA 4 mH + 0.15  12 kHz 12 kHz 
[46] MLI 3 ms Enhanced MPC 100 % 4 kVA 9 mH+0.1  16 kHz 5.2 kHz 
[47] MLI 2.5 ms SPWM 100 % 0.5 kVA - 15 kHz 15 kHz 
In the case of dynamic response to reference changes, the proposed method has an advantage to all mentioned control methods in Table 
VI, as it could be seen the shortest clearance time to changes is 0.8 ms for the proposed method and 1 ms for OSS-MPC with the average 
switching frequency of 5 kHz. Table VI shows the merits of the proposed control method to previously presented ones. 
4.1. Conclusion 
In this paper, an optimal direct control method for a cascaded H-bridge multilevel inverter is proposed. High-speed response of this 
method to sudden changes makes it an appropriate control method for some critical applications such as active power filter. It is worth 
noting that to get more accurate results, the processor calculation delay time is tried to be compensated in a way that it has the minimum 
negative effect on the controller operation. The control method was applied to a prototype of the converter in several operation 
conditions. At first, the conventional grid-tied operation of the converter using the proposed control method is being studied. In the 
second scenario, the converter is used as an improved active power filter which delivers active power to the loads  and compensates the 
current harmonics. Then, the dynamic response of the converter to sudden changes was studied and it was proved that the control method 
could clear the transition to changes in less than 1ms that is an improvement in the active power filter operation. Last but not the least 
a sensitivity analysis of controller to parameter changes and the effect of switching frequency and inductance values on the performance 
of the controller has been performed, for which the comparisons has been presented in diagrams. 
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